A stochastic model for current, pressure, and density fluctuations over the continental shelf and slope is solved for coherence, phase, and gain between the oceanographic variables and wind stress. Comparison of wind stress spectra and transfer functions show that free coastal-trapped wave physics tends to exist in a frequency band bounded at the low end because of frictional predominance and at the high end because of the absence of wind energy at appropriate alongshore length scales. The transfer functions for density and especially cross-shelf velocity show that these variables are sensitive to short length scales in the forcing and are thus difficult to predict in general. Model results are compared to observations of bottom pressure and alongshore velocity from the 1982 Coastal Ocean Dynamics Experiment off northern California. The results agree with observations, at least qualitatively, with regard to spatial and frequency patterns in coherence and gain. The poorest point of agreement is in the amplitude of wind stress-current gains, which the model systematically underpredicts. The comparisons do demonstrate the importance of including accurate representations of bottom friction and of both cross-shelf and alongshore gradients of wind stress amplitude.
deleting the term g-lp, in (2b). The "coastal" boundary condition (2c) expresses the constraint that there is no net flow through this wall. Finally, condition (2d) is imposed at some large but finite distance L offshore where the bottom is fiat, and is simply a form that is believed to be a reasonable approximation to the true boundedness condition [see Brink, 1982] .
The solution approach to the above system will be to 
RvT(X, Z, W) = •T -• f fis T dln = •T-iS•T
coherence, and phase. Other groupings of results (e.g., cross spectrum and pressure autospectrum) would give comparable results, but the present choice is preferable because it does not depend explicitly on the absolute amplitude of the observed wind spectrum (although it does, of course, depend considerably on the shape of the observed wind spectrum).
WIND STRESS SPECTRUM AND INTEGRATION
The space-time spectrum of the alongshore wind stress has been estimated using Bakun [1973] wind stress estimates, as described by G. R. Halliwell and J. S. Allen (Seasonal differences in the response of coastal sea level to alongshore wind stress along the west coast of North America, 1980-1984, analyzed in wave number-frequency space, submitted to Journal of Geophysical Research, 1986). These stress estimates are derived from geostrophic winds and have a simple boundary layer correction (uniform reduction and veering) applied. The winds were then individually rotated further to improve their correlation with measured winds. Details of this procedure can be found in the paper by Halliwell and Allen [this issue].
These wind stress records were available at 6-hour intervals at alongshore separations of 180 km. From these data it was then straightforward to estimate the spectrum with a resolution of Al = 2.5 x 10 -8 cm-• and Aco = 3.0 x 10 -6 s-•. The Bakun spectrum for summer 1982 is shown in Figure 2a . The data, by their nature, are effectively low-pass filtered in time, so they cannot be considered reliable for frequencies greater than around 3.55 x 10-s s-• (0.5 cpd). Likewise, there is considerable spatial smoothing involved in these stress estimates. It appears that the absence of information on scales less than at least 180-360 km leads to a substantial underestimate of energy at short wavelengths [Halliwell and Allen, this issue]. As will be discussed below, this may not be a serious problem for predicting pressure and alongshore currents.
The cross spectrum between wind stress at locations sepa- Even using a white wave number spectrum in (10a) over the same wave number range yields a coherence of 0.85, when it should approach zero in principle. Thus part of the discrepancy between measured and calculated coherences is simply that a broad enough wave number range of spectral estimates to make such a calculation possible is not available. A second problem is apparently that the Bakun spectral estimates are too "red": apparently the estimates are missing energy at the higher wave numbers. This second possibility is hard to evaluate given the finite wave number range available. We therefore assume that the available wave number spectrum is accurate out to wavelengths of about 900 km [Halliwell and Allen, this issue] . No attempts were made to correct the spectrum for shorter wavelengths.
A second estimate of the wind stress spectrum was obtained using "measured" wind stresses (Figure 2b ). This estimate is based on a mixture of coastal and buoy wind records, and hence may reflect undesired variations in wind amplitude which are associated with distance from the coast. The measured and Bakun wind spectra are compared in detail by Halliwell and Allen [this issue], so we will only comment that the measured wind spectrum is considerably whiter than the Bakun spectrum as a function of' wave number, particularly at higher frequencies. Since both estimates of' the wind spectrum have their drawbacks (i.½., the Bakun is spatially filtered, and the measured uses uncertain amplitudes), we can not conclude which wave number distribution is more nearly correct. We should note, however, that Chapman [this issu½• has shown that the measured winds yield much better results in firstorder wave equation integrations. Thus we will use both spectra in the following, although the Bakun spectrum is used exclusively in section 4 and primarily in section 5. In section 7 the measured wind stress spectrum is used. 
THEORETICAL TRANSFER FUNCTIONS
The following discussion is meant to relate the formalism of the stochastic theory to intuitive physical reality. Much of the insight that can be derived from the present modeling approach derives from studying the relationship between the frequency-wave number transfer functions and the wind stress spectrum. This follows from the form of the frequency domain autospectrum (equation (7) (not shown) also does not vary as radically as for alongshore velocity. Cross-shelf velocity has an even more interesting behavior: it increases nearly linearly with increasing negative lR out to a maximum of about 2 cm s-• (dyne cm-2)-1 at la = --1.0 x 10 -6 cm-t. Thus the peak nonresonant response is greater than the first-mode resonant response. Because these transfer functions do not fall off as quickly as those for v or p, density and, especially, cross-shelf velocity will be very dependent on the smallest scales in the wind stress field. This, in turn, suggests that predictability of cross-shelf velocity will depend critically on the estimation of wind stress variability at scales so small as often to be impractical to measure. This lack of predictability of u, therefore, does not depend upon alongshore variations in topography (an effect omitted from this model), which will further complicate predictability of onshore flow [e.g., . Results at other frequencies lead to similar conclusions. In summary, the broad distribution of u and p transfer functions versus wave number implies a considerable dependence on the poorly resolved small-scale part of the wind spectrum. Indeed, calculations of the sort presented below provide very poor representations of these variables. With larger surface waves, hence stronger bottom friction (Figure llb) , differences from the control case are less pronounced. Coherence over the shelf increases everywhere by about 0.1, and the cross-shelf phase differences are enhanced so that nearshore currents are almost in phase with the wind stress. The reduction in phase difference is to be expected if the bottom stress plays an enhanced role in balancing the local wind stress. Interestingly, the gain Rvr does not change substantially when friction is increased. This seems to reflect the competing tendencies of increased coherence but decreased energy levels.
Wind Stress Curl and
We conclude that results are rather sensitive to estimates of friction that are relatively small. In contrast, results seem less sensitive to parameter choices in the presence of larger frictional estimates.
Stratification
The stratification used in the control case is more nearly representative of the region over the slope or far offshore of the upwelling front than over the shelfi The N 2 profile shown by a dashed line in Figure 1 is more representative of that over the shelf, inshore of the upwelling front. When the weaker stratification is used rather than the basic stratification, coherence over the shelf tends to be higher, while that over the slope tends to be lower (Figure 12 ). Cross-shelf phase gradients are also enhanced. The gain is rather similar, although its value, like that of coherence, tends to be more depth-independent that it is with the basic stratification. Stronger stratification in the upper ocean appears to allow for greater surface intensification of the response.
Spectral Shape
Because the response of currents to winds depends critically on wind stress spectral shape through (6) and (7), it is worth exploring sensitivity to these values. First, as a "reasonable" variation on the Bakun wind stress spectrum (Figure 2a) , the control case was recomputed with a "mirror image" wind spectrum Sr (-/ll, co). Results (not shown) are virtually identical for coherence and gain between winds and alongshore currents. The cross-shelf phase gradient •s somewhat enhanced, and in some locations, phases changed by as much as 10 ø relative to the case with ST(Ill, co). The conclusion is that moderate variations in spectral shape do not cause inordinate changes in the response.
Use of the measured wind stress spectrum (Figure 2b ) causes a more noticeable change because of its relatively larger energy at high wave numbers. At co = 1.08 x 10-s s-• (6.7-day period), both the wind stress-current coherence and gain decrease everywhere by about 10% (Figure 13a) . Further, the cross-shelf gradients in phase become intensified, particularly near the shelf break. These effects are apparently associated with the increased excitation of higher-mode coastaltrapped waves relative to the Bakun spectrum. At higher frequencies, where the measured wind stress spectrum becomes even whiter, the decrease in coherence becomes more pronounced (see Figure 18, Figure 13b ). Coherence and gain both decrease substantially, especially over the shelf. The response is also more nearly in phase with local winds than it is in the previous cases, at least for x < 25 km. The decreased coherence can again be accounted for by the increased contribution of higher (e.g., second) mode resonances to the cross spectrum (equation 6)).
Complex Wave Numbers
Up to this point, it has been assumed that the wind stress has equal magnitudes all along the coast. If this assumption is relaxed, we might very well expect different behavior, based on the discussion in section 4. 
Cross-Shelf Wind Stress
The cross-shelf component of wind stress is typically considered to be relatively ineffective for driving alongshore currents [e.g., Csanadv 1982; Mirchum and Clarke, 1986b]. Indeed, in the long-wave limit, this can be readily shown by scaling arguments. This issue can be explored for a general parameter range with the present model. One difficulty, however, is that a reliable wave number-frequency spectrum for cross-shelf wind stress is not available. To circumvent this point, the alongshore and cross-shelf wind stress are assumed to have the same spectral shapes (although not levels) and cross-shelf structure.
The results demonstrate that at co = 1.08 x 10-5 s-1 (6.7-day period), the cross-shelf wind stress is indeed ineffectual for driving alongshore currents (Figure 15 ). This result (on a per dyne per square centimeter basis) is compounded by the fact that in most locations, cross-shelf winds are much weaker than alongshore winds. Cross-shelf current u gains with r0 •' are also smaller than those for r0 -•' at this frequency, but only by about a factor of 5. At higher frequencies (co = 3.18 x 10 -5 s-• or 2.3-day period), cross-shelf wind stress becomes potentially more important. In this case, gains R,, T are only about a factor of 2 smaller for ro x, and RuT is about the same magnitude for both ro '• and ro •'
We conclude that for frequencies comparable to the inertial, cross-shelf wind stress can be an effective driving agency. Whether such a response could be observed depends on the cross-shelf wind stress being at least comparable in magnitude to the alongshelf wind stress and on the two stress components themselves being statistically distinguishable.
COMPARISON WITH OBSERVATIONS
The model coherences, phases, and gains described in section 5 can be compared with observations obtained along the CODE central line (---38ø30'N The crosses will be discussed below. The left panels compare results for bottom pressure at C2, while the middle and right panels compare velocity results from C3 (70 m) and C4 (90 m), respectively. The comparisons are similar in all cases. At low frequencies the observed coherence is higher than the model coherence using the Bakun spectrum, but agreement improves at the two highest frequencies. The model coherences using the measured spectrum are similar to those using the Bakun wind stress spectrum at low frequencies, but they are considerably lower at high frequencies. In contrast to the model results using the Bakun spectrum (which increases with frequency), the model results using the measured spectrum do not have noticeably increased coherence at higher frequencies (they have only a minuscule rise in coherence at about 2.6 x 10 -s s-• and then a decrease at 3.10 x 10-s s-•). These differences can all be traced to the whiteness of the measured wind stress spectrum and the consequent tendency to excite free coastaltrapped waves. All phase estimates are quite similar (decreasing with increasing frequency), and the model predictions are often within the 95% error bounds (vertical lines) of the observed phase. The gains for both models tend to be lower than the observed gains, but they show the same tendency to decrease with increasing frequency. To the extent that model results duplicate observed phenomena, we can conclude what inputs are important for predicting pressure and alongshore current fluctuations over the shelfi The model results tend to overpredict wind-current coherence in the upper 20-50 m of the water column. This may be attributed, at least partially, to the neglect of mixed layer and frontal physics. Fronts, for example, could lead to loss of coherence if they move in a manner which is not related to the wind in the same way as the linearized model interior or if they become unstable, resulting in superficial eddies. Neglect of upper ocean processes also undoubtedly detracts from the model's ability to predict density variations. Perhaps a more disturbing failure of this model, as well as of some first-order wave equation models [e.g., Mitchum and Clarke, 1986a; Chapman, this issue], is that the model systematically underpredicts the gains for current fluctuations. It is not obvious why this problem should occur, but the present gain results do suggest that it is not simply because wind stresses are consistently underestimated from observations. Rather, it seems that the stochastic and coastal-trapped wave models somehow underpredict the actual wind-current coupling because of some other, still unknown, effect.
In some regards the model did perform well, at least qualitatively, so that some conclusions can be drawn. The ability of the model to predict correctly maximum wind-current coherence at midshelf depended on the inclusion of a realistic crossshelf wind stress gradient. The model's skill at obtaining coherences as high as those observed at C4 and its tendency to reproduce the coherence dip at co = 2.48 x 10-s cm-• both depend on the inclusion of a complex wave number. Thus at least for the California coast, alongshore gradients in wind amplitude are demonstrably important. When complex wave numbers are allowed, results become less sensitive to the details of real wave number wind stress spectra. Finally, the neglect of a Grant and Madsen [1979] type bottom boundary layer parameterization [ Figure 11a ] led to serious difficulties with coherence, phase, and gain structures. The comparison with "observables" confirms the supposition of Clarke and Brink [1985] that the form of bottom friction is important. It thus seems clear that some accounting for wave-current interaction must be made in a successful model.
